to disperse or leak within weeks. These findings suggest that available velocity-based 10
2004). In other cases, eddies are sought as regions filled with closed streamlines of the 24 SSH field (e.g., Chelton et al., 2011a,b; Fang and Morrow, 2003; Goni and Johns, 2001) , 25 or as features obtained from a wavelet-packet decomposition of the SSH field (Doglioli 26 et al., 2007; Turiel et al., 2007) . These detection methods invariably use instantaneous
27
Eulerian information to reach long-term conclusions about fluid transport. Furthermore, 28 they give different results in reference frames that move or rotate relative to each other.
29
The problem with the use of instantaneous velocities is their inability to reveal 30 long-range material transport and coherence in unsteady flows (Batchelor, 1964 ). An 31 example is shown in Fig. 1 , where the instantaneous velocity field is classified as 32 eddy-like for all times by each of the Eulerian criteria mentioned above. Specifically, 33 vorticity dominates over strain, and streamlines are closed for all times. Yet actual 34 particle motion turns out to be governed by a rotating saddle point with no closed 35 transport barriers (Haller, 2005) . 
97
Geodesic eddy detection is outlined in Section 2, which is organized into four 98 subsections. Section 2.1 presents the dynamical systems setup for studying material barriers. The definition of coherent material eddy boundary is given in Section 2.4.
102
Our main results are presented in Section 3. The conclusions are stated in Section 4.
103
Appendix A describes the velocity data on which geodesic eddy detection is applied.
104
The algorithmic steps of geodesic eddy detection are summarized in Appendix B.
105
Finally, computational details are given in Appendix C. 
112
Material transport in (1) is determined by the properties of the flow map,
114 which takes an initial fluid particle position x 0 at time t 0 to its later position x(t; t 0 , x 0 ) 115 at time t = t 0 , along trajectories of (1) (Fig. 2 ). As noted in Haller and Beron-Vera (2012), the least-stretching behavior of transport 124 barriers is observed in several canonical flow examples where they are known to exist.
125
Examples include steady flow around a stagnation point, steady shear jet flow, and 126 steady circular shear flow.
127
Of particular relevance for our purposes here is the steady circular shear flow, the 128 prototype of a coherent eddy. The least-stretching property of circular transport barriers 129 in this flow is illustrated in Fig. 3 geodesics (shortest paths) of the metric generated by the Cauchy-Green strain tensor,
where denotes transpose and ∇ refers to the spatial gradient operator.
144
From each point x 0 in the initial flow configuration, Cauchy-Green geodesics 145 emanate in all possible directions. In fact, any pair of points on the plane are connected 146 by a unique Cauchy-Green geodesic, which is locally the least-stretching material line 147 out of all material lines connecting those two points (Fig. 4a ). Among all geodesics passing through x 0 , the locally least-stretching geodesic at x 0 149 is of particular interest. This geodesic is tangent to the direction of minimal strain at 150 x 0 . More specifically, consider
152
where λ i (x 0 ) and ξ i (x 0 ) are the ith eigenvalue and eigenvector of C is tangent to the weakest strain eigenvector at x 0 , ξ 1 (x 0 ), as shown in Fig. 4a .
155
Typical geodesics in a turbulent flow still stretch by a relatively large amount, 
Closeness of a trajectory (or shearline) of (5) to its shadowing least-stretching geodesic 173 at x 0 can be computed as the sum of their tangent and curvature differences. This 174 sum, the geodesic deviation of a shearline, can be proven to be equal to (Haller and
175
Beron-Vera, 2012)
177
where
179 is the curvature of the curve tangent to the ith strain eigenvector field at x 0 (Fig. 4b) . detection comprises the algorithmic steps described in Appendix B.
199
We finally note that, in incompressible flows, elliptic barriers have two important properties make elliptic barriers ideal boundaries for coherent eddy cores. 
Results

204
We consider a region of the South Atlantic subtropical gyre, bounded by longitudes 
263
The middle-right column of Fig. 7 estimates, if they fail to capture the frame-independent details of material stretching.
321
Note that the coherently transported water mass ( than what can be deduced from available nonobjective eddy detection methods.
330
To illustrate the general validity of these conclusions, we present in Table 2 Table 2 .
We reiterate that coherent material transport (as opposed to the widespread 342 dispersion of SSH, OW and ME eddies observed in Fig. 7 ) is the relevant metric for 343 quantifying the transport of diffusive quantities, such as salinity and temperature.
344
Indeed, the disintegration of SSH, OW and ME eddy candidates is accompanied by the erosion of salinity and temperature differences between the water they carry in their 346 wake and the water they traverse. multi-processor clusters (Conti et al., 2012; Garth et al., 2007) .
390
In our view, an investment in additional computational resources is well justified by 
406
The velocity field v(x, t) in (1) is thus assumed to be of the form: compute its eigenvalue and eigenvector fields, λ i (x 0 ) and ξ i (x 0 ), as defined in (4).
433
The following are explicit formulas:
435
where T and D denote trace and determinant of C t t 0 (x 0 ), respectively, and
437
where C ij is the ijth entry of C t t 0 (x 0 ). solving the differential equation x(t; x 0 , t 0 ), into a domain D(t) at time t = t 0 along fluid particle trajectories. Fig. 3 . Minimal stretching property of a material curve γ t 0 , for times t sufficiently larger than t 0 , in a steady circular shear flow among material curves with the same endpoints, γ t 0 andγ t 0 . Note thatγ t 0 andγ t 0 stretch longer than γ t , regardless of whether they are initially shorter or longer than γ t 0 . Geodesic eddies SSH eddies OW eddies ME eddies In an appropriate rotating frame, however, the velocity field becomes a steady saddle flow with no closed transport barriers. Fig. 3 . Minimal stretching property of a material curve γ t 0 , for times t sufficiently larger than t 0 , in a steady circular shear flow among material curves with the same endpoints,γ t 0 andγ t 0 . Note thatγ t 0 andγ t 0 stretch longer than γ t , regardless of whether they are initially shorter or longer than γ t 0 .
χ ± χ ± χ ± closed shearline (limit cycle of the shear vector fields)
geodesic eddy boundary shearline (closed shearline with the smallest average geodesic deviation)
Cauchy-Green geodesics ξ 1 (x 0 ) least-stretchig geodesic locally a Fig. 4 . (a) Cauchy-Green geodesics emanating from an initial position x 0 , representing leaststretching curves out of all material curves connecting two initial positions, such as x 0 and x 0 . The locally least-stretching geodesic at x 0 is tangent to the weakest strain eigenvector ξ 1 of the Cauchy-Green tensor, a quantity commonly used to measure deformation in continuum mechanics. (b) Shearlines are curves tangent to the Lagrangian shear vector fields χ ± , along which an objective (i.e., frame-independent) measure of shear is maximized. A shear barrier at time t 0 between points a and b is a shearline shadowed by locally least-stretching geodesics. (c) Closed shearlines are limit cycles of the χ ± vector fields. (d) A geodesic eddy boundary is a member of a nested limit cycle family with the smallest average geodesic deviation. (The family may also just consist of one member.) Marked in red, the eddy boundary is obtained as an average-geodesic-deviation-minimizing member of a nested family of limit cycles of the Lagrangian shear vector field χ + . The full limit cycle family is shown in blue in the upper panel, with grey arrows indicating the χ + vector field. The middle panel shows the first return (Poincare) map, x → P (x), onto a section Σ locally transverse to χ + vector field. Dots indicate the fixed points of the Poincare map, P (x) = x, corresponding to each of the limit cycles. The bottom panel shows the distribution of the average geodesic deviation over the limit cycles. 
